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Modulation of mouse epidermal gap junctions and differentiation in
response to a natural retinoid, retinyl palmitate (RP), was evaluated.
This is the first report of gap junction isolation and partial protein
characterization from normal or retinoid-treated epidermis. Adult male
Swiss Webster mice received parenteral injections of 13,750 Internation
al Units (IU) of RP for 12 days. Skin specimens were excised and
analyzed by transmission electron microscopy (TEM) for morphologic
changes in gap junctions and the epidermis. Gap junction proteins were
isolated by discontinuous sucrose gradient centrifugation, following
suspension in sodium bicarbonate buffer and, subsequent, solubilization
in sarkosyl. Samples were analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Verification of the
reliability of the epidermal gap junction isolation procedure was
ascertained in corollary liver studies using the standard protocol.
Each isolation step was monitored by TEM. The ultrastructural results
revealed an increase in the number of gap junctions in retinoid-treated
epidermal specimens. Keratinization and keratinocyte differentiation
were inhibited as reflected in. a decrease in the number of tonofilaments
in keratinocytes and the subsequent suppression of stratum corneum
formation. Analyses of isolated epidermal gap junction proteins by
SDS-PAGE indicate four distinct bands ranging in molecular weight of
30-20 kilodaltons. Retinyl palmitate-treated samples are distinguished
by enhanced gel profiles. Isolated epidermal connexin has a relative
molecular weight of 30,000 daltons in samples from both treated and
control specimens. The data suggest a positive role of gap junctions
in retinoid-directed metabolic cooperation in the regulation of epi
dermal differentiation. These studies will form the basis for further
investigations to determine if the intercellularly exchanged molecules,
retinoids,induce requisite molecular alterations in gap junctions
during epidermal differentiation. An understanding will be gained of
the independent and/or collaborative mechanism(s) of action of retinoids
and gap junctions in epithelia.
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The epidermis, which is the outermost region of the skin, is
divided into strata according to the location, morphology, and
physiology of cells within each level (Holbrook and Smith, 1981). From
the inner to the outer layer the strata are: stratum basales, stratum
spinosum, stratum granulosum and stratum corneum. The specific layers
are products of the differentiation process of keratinization. During
this transition, proliferative cells divide and push preceeding cells
into higher levels of lower mitotic frequency and increased production
of the keratin precursors - tonofilaments, keratohyalin granules and an
amorphous histidine-rich protein. The balance between cell death and
cell division is under the control of various metabolites which include
vitamin A* (Sporn et al., 1976).
Retinoids are essential for normal cellular differentiation of
epithelia (Wolbach and Howe, 1925). In the absence of retinoids in
the diet, normal cellular differentiation does not occur, e.g., mucous
epithelium, as in the trachea, becomes keratinized and keratinizing
epithelium, as in skin, becomes hyperkeratinized.
♦Retinoids is the term now used when reference is made to the
biological activity of both the natural forms and synthetic analogues
of vitamin A. The various retinoids differ in their terminal radicals
and steric configuration (Sporn et al., 1976). Retinyl palmitate, a
naturally occurring retinoid, is the primary storage form of the vitamin
(Moore, 1967).
Both in vitro and in vivo studies have demonstrated retinoid regu
lation of epidermal keratinization. These studies further noted an
anti-keratinizing effect on skin treated with high doses of the vitamin
(Bern et al. 1955; Rowe and Gorlin, 1959; Chu and Malmgren, 1965;
McMichael, 1965; Davies, 1967; Levij and Polliack, 1968; Cavalaris et
al., 1969; Levij et al., 1969; Levij and Polliack, 1969; Saffiotti et
al., 1969; Christophers and Braun-Falco, 1970; Brown and Lane, 1971;
Zil, 1972; Kaidbey et al., 1975; Merker and Stuttgen, 1975; Mahrle and
Gray, 1983; King, 1984; Marcelo and Madison, 1984).
The gap junction (or nexus) is an intercellular attachment device
which occurs occasionally between epidermal cells (Caputo and
Peluchetti, 1977). Transmission electron microscopy (TEM) of longi
tudinal sections of a variety of tissues reveal the gap junction to be
a trilaminar track - two electron dense outer lanes separated by a 20 -
30A electron-lucent space - of approximately 180A width while cross
sections show, more demonstratively, an arrangement of six electron
dense subunits around an electron-lucent core (McNutt and Weinstein,
1970; Goodenough and Revel, 1980). Freeze fractured replicas of gap
junctional plaques have identified the hexameric arrangements as
individual cytoplasmic face protrusions which were termed connexons
(Pauli and Weinstein 1981). Each connexon is composed of six subunits
of the polypeptide connexin, which corresponds to the subunits observed
by TEM (Makowski et al., 1984a, b). Gap junctions provide a structural
basis for intercellular communication via the formation of a trans-
cellular channel which allows the direct transfer of various
metabolites: ions, most sugars, amino acids, nucleotides, hormones,
steroids, cyclic adenosine monophosphate and vitamins (Simpson et al.,
1977). This creates a common pool of these molecules to be shared
throughout the communicating cells and provides a mechanism for
metaboli ccoupling in tissues such as the epidermis (Simpson et al.,
1977).
Regulation of the active process of epidermal cell differentiation
not only requires retinoids (Wolbach and Howe, 1925) but, also, the
coordinated distribution of this vitamin to cells throughout the tissue
(Simpson et al., 1977). Previous reports from this laboratory, which
dissociated, for the first time, retinoid epidermal effects from
systemic toxicity, revealed that high parenteral (intramuscular) doses
of the natural retinoid, retinyl palmitate, inhibit epidermal keratini-
zation and keratinocyte differentiation (Brown and Lane, 1971; Brown et
al., 1977). Retinoids have been shown to induce gap junction prolifera
tion (Prutkin, 1975a, b; Elias and Friend, 1976; Elias et al., 1980;
1981). Amsterdam et al. (1985) reported that gap junction formation
and proliferation occurred prior to differentiation of granulosa cells
in vitro. It is possible that gap junction proliferation is a pre
requisite for retinoid-directed metabolic cooperation in the regulation
of epidermal differentiation and that the increased concentration of
gap junction protein is a necessary corollary alteration induced by
high levels of regulatory agents such as retinoids in the epidermis.
To date, there has not been a direct demonstration of retinoid-
directed metabolic cooperation in epidermis via gap junctions, which
results in the expression of the normal characteristics of the tissue.
Although extensive studies have been done to isolate and evaluate gap
junction protein from rodent liver, heart, lens and uterine tissue
(Zampighi and Unwin, 1978; Traub et al., 1983; Revel et al., 1984;
Wrigley et al., 1984; Zervos, et al., 1985), there are none which have
been done with either normal or retinoid-treated epidermis.
The objective of this study is to evaluate the role of gap junc
tions in retinoid-directed metabolic cooperation in the regulation of
epidermal differentiation, by correlating both isolated mouse epidermal
gap junction protein profiles and intact ultrastructure with the
morphologic features of epidermal differentiation. These parameters
will be modulated with the natural retinoid, retinyl palmitate and
monitored, as well as, analyzed by transmission electron microscopy and
sodium dodecyl sulfate polyacrylamide gel electrophoresis.
The significance of this investigation is that it may provide evi
dence that the capacity of retinoids to regulate epidermal cell differ
entiation is proportional to the degree and nature of specific trans-
cellular channels, gap junctions, between cells of the epidermis. A
standardized protocol for the isolation of epidermal gap junction
protein will provide a means for direct observation of the effects of
various metabolites on the hexameric subunit of the connexon structure,
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connexin, and, thus, elucidate the role(s) of gap junctions in differ
entiating tissue.
The simultaneous use of electrophoretic and microscopic techniques,
will provide corollary data for the characterization of connexin during
retinoid-directed metabolic coupling in epidermal tissue. Further,
this study will provide insight into the mechanism(s) of action of




Mouse skin, morphologically similar to skin of other mammals, is
composed of three regions: the epidermis, dermis, and the hypodermis
(Fig. 1). The dermis is separated from the epidermis by a sheet of
amorphous extracellular material, 100A thick, called the basal lamina
(Briggaman and Wheeler, 1975). In the following discussion the focus
is on thin skin which is found over the body surface as opposed to
thick skin of the foot pads.
1. The Epidermis
The epidermis is a stratified squamous epithelium which can be
divided into four distinct layers: stratum basales, stratum spinosum,
stratum granulosum, and stratum corneum. The strata basales and
spinosum are further subclassified as the stratum Germinatvum. The
cells in the various layers are either keratinizing or non-keratinizing.
The keratinizing cells, collectively called keratocytes (also called
keratinocytes and keratoblasts) are of four types: basal, prickle,
granular and horny cells. The basal cells are generative, while the
prickle, granular and horny cells are considered to be differentiated.
The non-keratinizing cells, non-keratocytes, include Merkel,












With the exception of melanocytes, which produce the pigment, melanin,
the function(s) of these cells is not known.
a) Ultrastructural Characteristics of Keratocytes
The basal layer consists of mature and immature keratocytes, as
well as, non-keratocytes arranged in a single row along the basal
lamina (Christophers and Laurence, 1973; Allen and Potten, 1974).
Keratocytes of the stratum basaies are flattened and columnar-cubodial
cells with large central nuclei, prominent nucleoli, few Golgi vesicles
and rough endoplasmic reticulum, small quantities of dense cytoplasm
and numerous mitochondria (Table 1). These cells also contain numerous
free ribosomes, polysomes, as well as, the fibrous protein, tonofila
ments (which are aggregated into bundles called tonofibrils).
The polyhedral stratum spinosum cells, called prickle cells,
because of numerous spines on their surfaces, are characterized by the
presence of spherical membrane-bound, lamellated structures in the
cytoplasm - membrane-coating granules (also called lamellar bodies,
Odland bodies and keratinosomes), which contain lipid material (Allen
and Potten, 1974; Wolf-Schreiner, 1977; Odland and Holbrook, 1981)
(Table 1). In addition, cells of the stratum spinosum contain numerous
dense tonofilaments and all of the organelles found in the subjacent
basal cells.
Flatter and larger cells, granulocytes, make up the stratum granu-
1osum (Allen and Potten, 1974). These cells are strictly differenti
ating, recycling their nucleic acids and displaying an increase in
synthesizing organelles: endoplasmic reticulum and ribosomes (Table 1).
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Ribosomes are often in close association with the conspicuous non-
membrane-bound granules, keratohyalin granules, which are composed of
closely packed amorphous basophilic proteins (Fukuyama and Epstein,
1973). Membrane-coating granules are observed, apically, in cells of
the granular layer. Fusion of the membrane-coating granules with the
granular cell plasma membrane results in the deposition of their
lipid contents into the intercellular spaces of the granuiosum and
corneum strata (Weiss and Zelickson 1975; Odland and Holbrook, 1981).
This deposition contributes to the thickening of the plasma membrane
of the completely differentiated cells, the corneocytes (Hayward and
Kent, 1982).
The stratum corneum is a pliable, semi-transparent, multi-layered
compartmentalized sheet of tightly packed, dehydrated, keratinized
cells. These keratocytes are flattened, anucleated and lacking in
cytoplasmic organelles (Allen and Potten, 1974; Brody, 1977; Wolf-
Schreiner, 1977) (Table 1). The plasma membrane of these cells is
thickened to 150A, highly convoluted, and interdigitated with adjacent
cells.
b) Non-Keratocytes
Non-keratocytes are characterized by electron-lucent cytoplasm
and no junctional attachments (Winkelmann and Breathnach, 1973; Allen
and Potten, 1974; Weiss and Zelickson, 1975). Merkel and Langerhans1
cells are dendritic, with the latter possessing the more pronounced
dendrites. Each non-keratocyte is further distinguished by
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characteristic cytoplasmic granules: dense core granules in Merkei
cells; elongated lamellated Langerhans' granules, some of which are
racquet-shaped, in Langerhans' cells (Birbeck et al., 1961); and
lysosomes in indeterminate cells. A fourth granulated non-keratocyte,
the melanocyte, is distinguished by the presence of the pigmentation
granules, melanosomes.
c) Epidermal Cell Junctions
Keratocytes are held together and to the basal lamina by special
ized attachment devices referred to as cell junctions which include
desmosomes, hemidesmosomes, gap junctions and squamosomes (Fig. 1,
Table 1). These junctions differ in morphology, function, and number.
Desmosomes, the most common and numerous junctions between cells,
consist of dense cytoplasmic plaques on two parallel plasma membranes
separated by a 300A space (Staehelin and Hull, 1978; Caputo, 1981).
These junctions are identified by close association with fine tonofila-
ments (Caputo and Peluchetti, 1977; Staehelin and Hull, 1978).
Anchorage of basal keratocytes to the underlying amorphous basal lamina
is maintained by half desmosomes, termed hemidesmosomes. The gap
junction, a region of close apposition of adjacent membranes composed
of an hexagonal array of intercellular cylinders, occurs occasionally
between keratocytes. The term squamosome is given to frequent electron
dense rings, of a purported desmosomal origin, which attach adjacent
corneocytes (Allen and Potten, 1974; Caputo and Peluchetti, 1977).
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2. The Dermis and Hypodermis
The dermis (corium) is dense connective tissue which extends from
the epidermis to the hypodermis. This region contains collagen and
elastic fibers, mesenchymal cells, smooth muscle fibers, ducts of seba
ceous and sweat glands, nerve fibers, as well as, lymphatic and blood
vessels (Smith et al., 1982) (Fig. 1). The dermal cells - mast cells,
macrophages, and fibroblasts - are few in number and randomly
distributed.
The underlying hypodermis is a loose network of the connective
tissue fibers, collagen, the spaces of which are occupied by fat lobules
(Fig. 1).
B. EPIDERMAL DIFFERENTIATION: KERATINIZATION
The continual replenishment of the epidermis is achieved through
the differentiation process of keratinization (Bern 1954; Iverson et
al., 1968). Daughter cells produced in the stratum Germinativum
increase the lateral pressure on pre-existing keratocytes causing a
sequential apical shift of basal cells into the spinous layer, spinous
cells into the granular layer, etc. During this coordinated event the
cells become increasingly differentiated as they move into higher
strata where production of the keratin precursors (tonofilaments,
keratohyalin granules and histidine-rich protein) is increased. Each
keratocyte continues this upward mobility until, composed mainly of the
fibrous, insoluble protein keratin, it is completely differentiated
and, eventually, sloughs (Matoltsy, 1976; Franke et al., 1981). The
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-keratin found in the skin of mammals is coupled with an amorphous
histidine-rich protein which gives the fully differentiated epidermal
cells (corneocytes) flexibility, structural stability, and barrier
capacity (Baden et al., 1973).
Since emphasis is on the keratocytes of the epidermis in the
present investigation, subsequent discussion will be confined to these
cells.
C. RETINOIDS
1. Types of Retinoids
The natural forms of retinoids are the esters, retinyl palmitate
and retinyl acetate; the alcohol, retinol; the aldehyde, retinal
(retinaldehyde); and the acid, retinoic acid. Synthetic analogues of
the vitamin are derived by modifications and substitutions of the the
polar end group, the polyene chain, and the cyclic end group of retinoic
acid (Sporn et al., 1976).
2. Metabolism and Transport of Retinoids
Absorbed retinyl esters, predominantly retinyl palmitate, are
stored in the liver in association with soluble proteins (Krishramurthy
et al., 1958). Stored retinyl ester is hydrolyzed by a liver enzyme
and the free retinol travels via the blood stream, to the tissue where
a metabolic requirement for the vitamin exists. To maintain the
relatively constant serum levels of retinol, the release from the liver
and transport in the circulatory system, stores of retinyl esters are
hydrolyzed and complexed with specific serum binding proteins, retinol
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binding protein (RBP), and secreted into the blood. The retinol-RBP
complex further aggregates with pre-albumin and thyroxine (Kanai et
al., 1968; Raz et al., 1970; Peterson, 1971, Peterson and Berggard,
1971, Ong and Chytil, 1974). This second complex prevents the excretion
of the retinoid and allows retinol to circulate in the blood, affording
the retinoid mobility to reach target tissues.
Ingested retinol, resulting from the hydrolysis of esters or from
the reduction of retinal, is reabsorbed in the intestinal tract and
undergoes esterification with long fatty acid chains (Goodman et al.,
1966). Subsequently, these esters, complexed by chylomicrons, are
transported in blood and lymph to the liver (Goodman et al., 1965).
Hydrolysis to retinol followed by esterification to, primarily, retinyl
palmitate and retinyl acetate yield the vitamin to a storage form. In
the liver the esters, mainly retinyl palmitate, are stored in
hepatocytes and specialized Ito cells (Ito, 1951).
In contrast to retinol, ingested retinoic acid is not esterified
and stored, but absorbed in the portal system and carried to the liver
by serum albumin, rather than by retinol binding proteins, where it is
metabolized to retinoyl-yfl-glucuronide (Ito et al., 1974). This catabo-
lite follows two paths of excretion. First, the metabolite may be
reabsorbed into the circulatory channels of the liver and, eventually,
excreted in urine. Second, retinoyl-v?-glucuronide is excreted in
bile. The synthetic analogues are not stored in the liver
(Mayer et al ., 1978).
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Cellular uptake of retinol and retinoic acid depends on specific
membrane receptors, cellular retinol-binding protein (CRBP) and retinoic
acid-binding protein (CRABP), respectively (Bashor et al., 1973; Sani
and Hill, 1974; Ong and Chytil, 1975; Ong et al., 1983).
The two intracellular retinoid binding proteins, CRBP and CRABP,
have been suggested to be mediators of the vitamin's activity (Chytil
and Ong, 1979, 1983; Elias and William, 1981). These proteins, are single
polypeptide chains with molecular weights of approximately 14,600 daltons.
CRBP, purified from the cytosolic fraction of various tissues via sucrose
gradient centrifugation and utilization of radioactive retinol and reti
noic acid, was found to, specifically, bind retinol while CRABP binds
retinoic acid with equal specificity. Each retinoid is bound to desig
nated binding proteins with affinities proportional to the activity
of the vitamin. Embryonic and cancer tissues have higher levels of
CRABP, whereas CRBP is the more abundant retinoid-binding protein in
normal adult tissue (Chytil and Ong, 1979).
3. The Functions of Retinoids
Retinoids function is reproduction, cell growth, differentiation
and maintenance of epithelia (Thompson et al., 1964; Wolbach and Howe,
1925). Retinol, in a reversible oxidation reaction, forms retinal which
functions in the visual cycle (Wald, 1935). Retinoic acid, formed by
the irreversible conversion of retinol, can substitute for the alcohol
in growth promotion, differentiation, and maintenance of epithelia, but
cannot replace retinol in reproduction (Wald, 1935; Dowling and Wald,
1960; Thompson et al., 1964; Elias and William, 1981).
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Several natural and synthetic retinoids, with the exception of all-
trans retinoic acid (Fidge et al., 1968; Zbinden, 1975), can be reduced
to retinol (Narindrasarasak and Lakshmanan, 1972; Roberts et al., 1978)
which can be oxidized to retinal and retinoic acid (DeLuca, 1979). There
is a body of evidence that the physiologically effective retinoid is
all-trans retinol (Ong and Chytil, 1983). Further, it has been shown
that the retinol/cellular retinol-binding protein complex is responsible
for the physiologic action of retinol (Ong and Chytil, 1983). This
implies that in order to exert an effect on cells the predominant storage
form of the vitamin, retinyl palmitate, must be metabolized to retinol.
This would permit the localized slow, regulated uptake of the ester,
with the resulting modulation of epidermal differentiation and circum
vention of the toxic side effects of the hypervitaminosis A syndrome
(Moore, 1967) observed with other retinoids following administration of
the necessary high doses (Rodahl, 1950; Lane, 1968; Feldman and
Schlezinger, 1970; Brown and Lane, 1971; Shenefelt, 1972; Brown et al.,
1977). The hypervitaminosis A syndrome is characterized by weight loss,
lethargy, cytotoxicity, bone fractures, diarrhea and nasal bleeding.
4» The Effects of Retinoids on Epidermal Differentiation
The ability of retinoids to modulate epidermal differentiation has
been investigated through the manipulation of keratocytes, j_n vivo and
-lH vitro. Topical, subcutaneous, oral, and parenteral (intramuscular)
administration, as well as, media supplementation of high doses of
natural or synthetic retinoids were employed in these studies. However,
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associated with administration by all routes, with the exception of
parenteral injection (Brown and Lane, 1971; Brown et al., 1977), as
described above, is the induction of the hypervitaminosis A syndrome.
Retinol and retinyl acetate dissolved in sesame oil, 1000 IU/0.3 ml,
produced epidermal hyperplasia when administered topically to Long
Evans rats, while subcutaneous treatment with the same dosage of the
retinoid did not elicit this response (Bern et al., 1955). Brown and
Lane (1971) confirmed the inactivity of subcutaneous retinoid injections
on mammalian epidermis. Both laboratories observed acanthosis and para-
keratosis with a reduction in the number and size of tonofilaments in
keratocytes. Keratohyalin granules were, also, conspicuously decreased
in size. The degree to which these observations occurred depended on
the type of retinoid used and its route of administration. However,
the greatest retinoid effect, which was localized to the treated area,
occurred with parenteral injections of retinyl palmitate (Brown and
Lane, 1971). Since the reduction in the number or size of keratin
precursors - tonofilaments and keratohyalin granules- resulted in an
inhibition of keratinization, the parenterally administered retinoids,
thus, altered production of the fibrous protein, keratin.
Hill et al. (1982), ultrastructurally, evaluated the effects of
topical retinyl acetate on rodent skin. Pellets of retinyl acetate, at
a concentration of 10"5M dissolved in diethylether and mineral oil, were
placed into cheek pouches of adult male Syrian golden hamsters. After a
ten day period, keratinization was suppressed in the treated epithelium.
Within the basal and spinosum strata of experimental tissue the volume of
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rough endoplasmic reticulum increased while the quantity of keratohyalin
granules, membrane coating granules and desmosomes decreased. Treatment,
however, did not affect the volume nor density of the Golgi complex,
free ribosomes and mitochondria.
Skin of male albino Sprague-Dawley rats treated by parenteral
injections of 50,000 IU (International Units) of retinyl palmitate ex
hibited inhibition of keratinization, thickening of the stratum spinosum
and stratum granulasum, as well as, hyperplasia with acanthosis (Brown
and Lane 1971; Brown et al., 1977). The quantity of dense chromatin
was increased (Brown et al., 1977). Oil red 0 positive droplets accumu
lated in macrophages in the hypodermis and dermis as well as the basal
strata of skin treated with the ester (Brown and Lane, 1971; Brown et
al., 1977). No cytotoxicity was seen. Klein (1975) observed similar
morphologic changes, as well as, cytotoxicity in female rat skin
treated, topically, with 1% retinoic acid. The latter changes included
disruption of the stratum basales, vacuolated spinous cells, and non-
keratinized cells replacing cornified cells. Retinoic acid toxicity
has been confirmed by other investigators.
Topical retinoic acid (0.31% in O.lcc of ethanol) and retinol
(0.21% in 0.1 cc of ethanol) produced erythema in the skin of male 7-8
month old hairless mice (Zil, 1972). It was observed that the reaction
to the acid was faster, and more irritating. Retinoic acid-treated skin,
also, exhibited variable inhibition of keratinization, with continued
mitotic division in the basales and spinosum strata, as a result of the
variable penetration of the retinoids.
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A comparison between toxic doses of topical (0.1%) and oral (lOOmg)
retinoic acid indicated only slight morphologic variation in an investi
gation with humans conducted by Merker and Stlittgen (1975). Retinoic
acid treatment by both methods produced cytotoxicity, seen as loosening
and disaggregation of the epidermis. The quantity of chromatin and
tonofilaments decreased as the number of free ribosomes increased.
Monocytes, histocytes, and lymphocytes of the dermis increased. Plasma
proteins accumulated in intercellular spaces while decomposition of
elastic and collagen fibers occurred.
The incorporation of D-[3H] glucosamine into high molecular weight
glycosaminoglycans increased in extracts from pig ear epidermis when
the tissue was cultured with all-trans retinoic acid at concentrations
greater than 10~7M (King and Tabiowo, 1981). Trypsin was effective in
causing the release of the labeled carbohydrate, indicating extra
cellular locality. The lack of any apparent effect on the rate of
dehydration of the extracellular glycosaminoglycans led to the con
clusion that the retinoid was increasing the synthesis of cell surface-
associated carbohydrates. The initiation of deoxyribonucleic acid,
DNA, synthesis by retinoic acid (3.0 x 10"5M) has been observed in
cultured quinea pig ear keratocytes using [3H]-thymidine. A 10-fold
increase in retinoic acid-induced DNA synthesis was shown at this
concentration while 12.5 ug/ml retinyl acetate inhibited DNA synthesis
in cultures of mouse epidermal cells (Yuspa and Harris, 1974).
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Mucous metaplasia has been reported in chick embryo skin ijl vitro
following treatment with retinoic acid (Ellas and Friend, 1976).
It is clear from the numerous reports that the type of retinoid
and mode of administration affects the effective local tissue levels,
uptake and induction of the hypervitaminosis A syndrome, all of which
are of critical importance in the potential retinoid responsiveness of
cells. Parenteral injections provide a means of administering retinoids
in necessary high doses with slow continuous localized release and
epidermal modulation, without induction of the adverse effects of the
hypervitaminosis A syndrome. This method is excellent for studying the
effects of a natural retinoid, retinyl palmitate, on epidermal gap
junctions and differentiation.
D. GAP JUNCTIONS
The gap junction is a region of the plasma membrane in which the
membranes of adjacent cells are closely apposed. The intercellular
space is reduced from 200-300A to a 20-30A width (McNutt and Weinstein,
1970; Staehelin and Hull, 1978; Goodenough and Revel, 1970; Hayward and
Kent, 1983). In addition, this region is characterized by a low
electrical resistance to molecules of approximately 1,000 daltons in
cardiac muscle and most embryonic tissue (Elias and William, 1981; Page
et al., 1981).
1. Ultrastructure of Gap Junction
Transmission electron microscopy reveal the intact gap junction
to be, in cross section, an aggregation of minute, polygonal subunits
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arranged in a hexagonal lattice with a 90-lOOA center-to-center spacing
(McNutt and Weinstein, 1970). Ultrastructural studies have resolved
differences between annular gap junctions (indented regions of a
circular wall formed by a continuum of gap junction particles in
embryonic, fetal and newborn skin) and the normal gap junction which
persists in skin throughout the life of an animal.
Treatment with lanthanum or sodium phosphotungstate negatively
stain gap junctions by delineating the extracellular space and outlining
the particles which form these structures (McNutt and Weinstein, 1970;
Goodenough and Revel, 1980). High magnification (TEM) of these sections
demonstrate the central pore of the particles as electron dense regions
of 10-20A in diameter filled with the lanthanum or phosphotungstate
metal, thereby, differentiating the gap junction from other cell junc
tions. Longitudinal sections of myocardial tissue and fetal rat skin
display gap junctions as regions of varying lamination depending on the
fixation and stain techniques used (McNutt and Weinstein, 1970; Hayward
and Kent, 1983). When fixed with osmium tetroxide (OSO4) and stained
with lead citrate, gap junctions appear as trilaminar tracks - two
electron dense outer lanes separated by a 20-30A electron-lucent space.
However, with aldehyde-0s04 fixation followed by lead citrate staining,
a pentalaminar arrangement is observed. With all fixation and staining
methods the width of the gap junction is 180A.
Goodenough and Revel, (1970) concluded from TEM and x-ray crystal
lography studies that gap junctions are composed of six subunits
arranged with six-fold symmetry into a cylinder of approximately 70A in
diameter.
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Freeze-fracture replicas of gap junctions reveal a disk-shaped
region of closely spaced protrusions on the cytoplasmic fracture face
(P face, the portion of the lipid bilayer which remains attached to the
cytoplasm after fracturing) of the plasma membrane while the endoplasmic
face, (E face, the portion of the lipid bilayer nearest the extra
cellular space after fracturing) is indented by corresponding pits
(McNutt and Weinstein, 1971). These investigators demonstrated a
similar packing arrangement of the protrusions on the cytoplasmic face
into the polygonal arrangement of the particles shown in transmission
electron micrographs. A lattice with 90-100A spacing has been observed
inmyocardia of the mouse, guinea pig, cat (McNutt and Weinstein,
1971), and rat (Page et al., 1981).
Each gap junction protrusion spans the lipid bilayer and within
the intercellular space a connection occurs between corresponding
protrusions of adjacent cells. Individual protrusions are called
connexons (Pauli and Weinstein, 1981). Six subunits with a major
protein component, connexin, constitute the connexon (Fig. 2). These
protein subunits correspond to the subunits observed by transmission
electron microscopy (Makowski et al., 1984a; b). Examination of isolat
ed connexons reveal that the forementioned morphology of the intact gap
junction is maintained with only slight reductions in isolated gap
junction dimensions (Table 2). The lattice constant for isolated gap
junctions is between 80-85A\ Subunit diameter of isolated gap junctions
is consistent with specifications observed for subunits of junctions
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References: ZampighT and Unwin, 1978; Alcala et al., 1979; Kensler and
Goodenough, 1980; Baker et al., 1983; Takemoto et al.
1983; Unwin and Ennis, 1983; Wrigley et al., 1984; Thomas
and Brown, 1985; Zampighi et al., 1985; Zervos et al.,
1985; Thomas-Brown and Brown, 1986.
♦Estimation based on weight of sample and % connexin yield.
**PMSF = Phenylmethyl Sulfonyl Fluoride
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2. Protein Characterization of Gap Junctions
Connexin, the gap junction protein, has been isolated from heart,
liver, uterine and lens tissue (Zamphighi and Unwin, 1978; Traub et al.,
1983; Makowski et al., 1984b; Wrigley et al., 1984)(Table 2). Charac
terization of the final purified product from these tissues varies with
the diverse isolation procedures used. These methods include plasma
membrane fractionation and detergent treatment (Goodenough and
Stoeckenius, 1972; Nicholson and Revel, 1983; Wrigley et al., 1984);
urea and sodium hydroxide isolation; and sucrose gradient fractionation
(Finbow et al., 1983). It has been shown that the detergent sodium
deoxycholate (DOC) disperses the plasma membrane leaving gap junctions
relatively intact while sarkosyl (sodium sarcosinate) may result in
increased polypeptide contamination (Hertzberg and Gilula, 1979).
Protease inhibitors, commonly employed to prevent the activity of
endogenous proteases, significantly reduce the molecular weight of
purified protein.
Gap junction protein has been most reproducibly isolated from liver
by homogenization in sodium bicarbonate-sucrose buffer, separation on
discontinuous sucrose gradients and solubilization with detergents
(Zampighi and Unwin, 1978; Baker et al., 1983; Wrigley et al., 1984).
The relative molecular weight (Mr) of the major hepatic gap junction
protein is approximately 27.000D (Finbow et al., 1980; Hertzberg and
Gilula, 1979). Reports of other polypeptides of higher and lower Mr
suggest several possibilities resulting from the isolation procedure
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namely, breakdown of the 27,000 D protein, impurities, contamination,
or polypeptide aggregates. On the other hand, the gap junction particle
may have an actual higher Mr (i.e., 45,000 D) which could be partially
represented by the 27,000 D species.
The use of proteases as probes for characterizing gap junctions
produce fragments which vary with enzyme specificity, protein sequence
and tertiary sequence, as well as, protein configuration within the
plasma membrane (Unwin and Zampigni, 1980). Hydrophilic (cytoplasmic
face) portions of the polypeptides are more susceptible to fragmenta
tion than both hydrophobic (lipid-bound) and intercellular portions.
Trypsinization followed by micro-sequencing of hepatic gap junction
protein indicate that, with proteolysis restricted to the carboxy
terminus, at least two polypeptides are present (Nicholson and Revel,
1983). Sequencing has also revealed similarities between portions of
the heart and liver gap junction protein.
At present, the most widely used methodology to monitor gap
junction isolation is transmission electron microscopy. However,
visualization of the junctional plaque rather than the actual protein
limits this procedure (Nicholson and Revel, 1983). Tissue specific
criteria for hepatic gap junction protein purity, which include MW,
etc., have been developed (Table 3) (Finbowet al., 1983). In addition,
differential data, which simplifies complex SDS gel profiles, have been
generated using one dimensional (Hertzberg, 1980) and two dimensional
(Nicholson and Revel, 1983) peptide maps.
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Although micro-sequencing techniques are favorable to analyze junc-
tional constituents, the low yield in the quantity of gap junction
protein from isolation procedures and the requirements necessary for
the sequencing process (Hunkapiller and Hood, 1980), make TEM and
SDS-PAGE the methods of choice for the study of unknown junctional
proteins.
In addition to protein, it has been shown that gap junctions,
although lacking sphingomyelin, have a lipid composition similar to
the plasma membranes from which they are isolated (Revel et al., 1984).
No associated carbohydrates or nucleic acids have been shown.
3. The Roles of Gap Junctions
Gap junctions permit the passage of small molecules, of 20A*
diameter and 1000-1500 daltons, between adjacent cells (Simpson et al.,
1977). This range incorporates a variety of metabolites: ions, most
sugars, amino acids, nucleotides, hormones, steroids, cyclic adenosine
monophosphate, and vitamins. Thus, the channels of the junctional
plaque generate a network of homeostatic diffusion thereby affording
the tissue a metabolic and/or electrical coupling capacity (Simpson
et al., 1977; Staehelin and Hull, 1978).
The synchronous distribution of these metabolites through gap
junctions is critical to the regulation of epithelial cell growth and
differentiation. Normal adult epithelial tissue is composed of cells
interconnected by gap junctions (Holbrook and Smith, 1981). During
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wound healing the size and quantity of these junctions increase
(Gabbiani et al., 1978). Gap junctions, which are abundant in embryonic
tissue, are endocytosed in fetal rat skin as rapid growth decreases
prior to birth (Hayward and Kent, 1983).
These intercellular junctions are present during periods of in
creased necessity for regulation of growth and differentiation (Gabbiani
et al., 1978; Hayward and Kent, 1983). The mechanism of regulation is
faulty in neoplastic tissue and is believed to result from either
inhibition of communication between adjacent cells or gap junction
alteration/absence (Elias and William, 1981).
4. The Effects of Retinoids on Gap Junctions
Retinoids have been shown to induce gap junction proliferation, in
epithelia (Prutkin, 1975a, b; Elias and Friend, 1976; Ellas et al., 1977;
Peck et al., 1979; Elias et al., 1980; Elias and William, 1981; Brown,
1985; Thomas and Brown, 1985; Thomas-Brown and Brown, 1986) (Table 4).
Prutkin (1975a) observed that desmosomes, the predominant junctions
found in normal rabbit epidermis, co-exist with gap junctions after
seven days of topical applications of 3% retinoic acid. Gap junctions
were seen when there was an increase in both the rough endoplasmic
reticulum and Golgi apparatus, suggesting increased synthesis of
protein. In a subsequent study, using lanthanum, Prutkin (1975b)
demonstrated an increase in the frequency of gap junctions between
keratocytes of male albino rabbit epidermis treated with 3% vitamin A
acid in either mineral oil or lanolin.
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References: Prutkin, 1975a,b; Elias and Friend, 1976; Elias et al,
1977; Peck et al., 1979; Elias et al., 1980; Brown,
1985; Thomas and Brown, 1985; Thomas-Brown and Brown,
1986.
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In vitro chick embryo skin treated with retinoic acid (20 ug/ml)
showed early gap junction proliferation (Elias and Friend, 1976).
Freeze fracture replicas revealed that distinguishable junctions were
produced in this tissue by gap junction growth through the accretion of
small islands of gap junction particles. Small islands of 10 to 2O8
gap junction particles appeared at the periphery of existing gap
junctions and became a part of the growing junction through inter
connecting channels. Gap junction enlargement was maximal at day one.
However, no detectable effects on the size and number of gap junctions
were observed in parallel organ cultures of newborn murine epidermis
treated with the same dose (20 ug/ml) of retinoic acid (Elias et al.,
1977). These data suggest quantitative and qualitative changes in gap
junctions during two different periods of growth and differentiation,




One hundred and thirty-four adult male Swiss Webster mice, (HA-ICR
strain) 25 and 50 g were used. Animals were housed in polycarbonate
cages on a bedding of sani-chips (P.J. Murphy Forest Products, Rochelle
Park, N.J.) in an environmentally-controlled animal facility. Cages
were cleaned daily. Animals received Purina mouse chow (Ralston Purina
Co., St. Louis, MO.) and water ad libitum.
B. RETINOID TREATMENT
Fifty mice, 25 g or 50 g, were separated into two groups of 25
animals each (Table 5). One group was used to evaluate retinyl palmi-
tate effects and the others as controls (thirteen treated with the
ethanol or saline vehicle alone and twelve untreated animals). Twice
daily the animals were lightly anesthetized with ethyl ether and
injected with 6,875 International Units (IU) of retinyl palmitate
(Sigma Chem. Co., St. Louis, MO) freshly prepared in 70% ethanol.
Control animals received the appropriate vehicles. Injections were
given, parenterally (intramuscularly), in the right hind thigh for 12
days. The amount of retinoid administered was a physiologic rather
than pharmacologic dose (>50,000 IU/ day) (Kummet and Meyskens, 1983).
The period of retinyl palmitate treatment allowed the epidermis to
replenish and turnover three times, thus, biologically equilibrating
the system for accurate evaluation of the retinoid effects.
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Table 5. DISTRIBUTION OF ANIMALS
One hundred and thirty-four animals were used. Of that, one
hundred animals were grouped as listed below to duplicate the
final protocol. Initial investigations were conducted using






13,750 IU retinyl palmitate
0.5 cc normal saline or 70%









Retinyl palmitate was prepared daily under minimal light and air
conditions at low temperature. This was necessary because retinoids
become relatively unstable when exposed to high temperatures, oxygen
and light (Guillory and Higuchi, 1962; Isler, 1971).
C. AUTOPSY PROCEDURES
Animals were sacrificed by lethal etherization in preliminary
retinyl palmitate studies. However, to expedite sacrifice, decapitation
was the method of choice in subsequent studies. Skin and liver speci
mens were taken from all animals at the time of autopsy.
D. TISSUE SAMPLING
A 3mm square area of skin, measured from the point of injection,
was excised from both treated and contralateral thighs of each animal
(Fig.3). Corresponding specimens were excised from control animals.
The squares were subdivided into peripheral and central areas which
were then cut into equivalent pieces and processed for transmission
electron microscopy, as well as, gap junction protein ^isolation, as
described below. Liver specimens were removed from the lower right
lobe of these animals and cut into lmm cubes to histologically evaluate
body stores of retinoids.
E. ELECTRON MICROSCROPY
1. Whole Tissue
For electron microscopy, one-half of each excised skin and
liver specimen was fixed in 3% glutaraldehyde in 0.2M cacodylate
Fig. 3. Tissue Sampling. Skin specimens excised from both treated
and contralateral thighs of animals were cut into pieces
of 1 mm3 and subdivided into central and peripheral
areas according to the point of injection, X (I-central
injected samples proximal to X; P=peripheral samples distal
to X). These areas were further cut into equivalent pieces
and processed for transmission electron microscopy, as
well as, gap junction protein isolation. Corresponding
specimens were excised from control animals. Liver specimens




(pH 7.4) at 4°C overnight, postfixed in 2% osmium tetroxide for 1 h,
dehydrated through graded ethanols, rinsed in two changes of propylene
oxide, and embedded in Poly EM bed 812.
Thick sections (lju) of selected areas from the specimen were made
with glass knives on an LKB Ultratome (8800 Ultratome). These sections
were stained with toluidine blue and examined with an AO Expostar
microscope. Thin sections (silver-gold), prepared from representative
fields, were stained with lead citrate and uranyl acetate (Reynolds,
1963). Specimens were examined under an RCA EMU-4 electron microscope.
Skin specimens were monitored for loss of corneocytes during tissue
processing.
2. Subceliular Fractions
Aliquots of isolated liver and skin fractions (Fig. 4) were pelleted
by centrifugation in an Eppendorf microfuge (Brinkman Model 5412,
Brinkman Instruments, Westbury, NY). The pellets were prepared for
transmission electron microscopy as described in E-l, above.
3. Planimetry
Planimetric analysis of gap junction distribution was made from
micrograph montage reconstructions of the granular/spinous region of
the epidermis. Ten montages (six micrographs per montage) from each
specimen type (retinyl palmitate-treated, untreated and normal skin)
were examined double-blind. The frequency of gap junctions and
desmosomes per epidermal proliferative unit (Fig. 1), was tabulated.
The standard deviation (d) for each specimen type was determined by
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using the following equation o = 1 (XJ-*) , where x is the mean or
average number of gap junctions per specimen type, xi is the quantity
of gap junctions per montage in the group, and N is the total number of
gap junctions identified for that group. A total of 10 specimens/treat
ment group was scored.
F. GAP JUNCTION PROTEIN ISOLATION
The remaining skin specimens were used to isolate gap junction
proteins, as shown in Fig. 4. Liver samples from each animal were pro
cessed in parallel experiments. At each stage of the isolation pro
cedure, aliquots of liver and skin fractions (1-10) were monitored
by TEM and analyzed by SOS-PAGE. In, addition, the tissue specific
criteria for hepatic gap junction protein purity developed by Finbow
et al., (1983) were used (Table 3).
Gap junction proteins were isolated using a modified technique of
Wrigley et al. (1984) for liver gap junction isolation. The modifica
tions were: homogenization in 0.3M sucrose-O.lM potassium phosphate
(KHPO4) buffer, sarkosyl (sodium-N-lauryl sarcosine) solubilization of
non-junction membrane proteins and final pelleting by Eppendorf micro
centrifugation. All procedures, excluding microcentrifugation (25OC),
were conducted at 4OC. Five isolation protocols were completed. All
reagents used in the isolation protocols were of reagent grade purchased
from Sigma Chemical (St. Louis, MO).
In the isolation procedure, skin and liver specimens were immedi
ately removed and submerged in 0.3M sucrose-O.lM potassium phosphate
buffer, pH 7.4 (Freinkel and Fielder-Weiss, 1974) on ice, in separate
Fig. 4. Gap Junction Protein Isolation Procedure.
The numbers (1-10) represent isolation fractions which were
monitored by TEM & SDS-PAGE. *Gap Junction (GJ) Buffer =
10~2M Sodium bicarbonate; 4% sucrose or 43% sucrose, as
indicated; 5 x 10"4M ethylene glycol-bis ( -aminoethyl
ether) N, N'-tetra-acetic acid, EGTA; 5 x 10"3M calcium
chloride; 10~3M D and L-dithiothreitol; 10"4M phenyl-
methylsulfonyl fluoride (PMSF)
Sodium bicarbonate wash = 10"2M Sodium bicarbonate
40
One Half Excised Skin
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7,000 RPM, 10 min, 4°C
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24,000 RPM, 90 min,
43% GJ Buffer, pH 7.4, 4°C
Middle Fraction (6) Bottom Fraction (7)
(8) Supernatant (9) Pellet
Sodium Bicarbonate Wash,
Centrifugation - 11,000 RPM
10 min, pH 8.0, 4OC
Incubation - 1:1 Sarkosyl, pH 8.0
30 min, 4°C, Eppendorf Micro-
centrifugation, 10 min, 25°C
(10) Final Pellet
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porcelain trays. To ensure preservation, the tissues were completely
submerged in the buffer.
Skin specimens were placed in a Waring blender (Model 91-263,
Waring Products Division, New Hartford, Conn.) with enough 0.3 M sucrose
- 0.1 M potassium phosphate buffer to cover, and processed to a viscous
pink particulate suspension. The suspension was placed in a Potter-
El vejhem homogenizer (Greiner Sci., N.Y, N.Y.) fitted with a Thomas
teflon pestle (Thomas Scientific, Philadelphia, PA), and homogenized
with five strokes to insure uniformity of the crude fractionation. The
homogenate was filtered through nine layers of 50-mesh gauze (American
Scientific Products, St. Mtn., GA) to remove hair and collagen. The
filtrate, centrifuged in the same buffer at 7,000 RPM for 10 min (5.9 x
103 g) in a Beckman J2-21 centrifuge,(JA-20 rotor; Beckman Instruments,
Palo Alto, CA) provided a dark pellet which was resuspended in 4% gap
junction (GJ) buffer [10"^ M sodium bicarbonate (NaHC03); 4% sucrose;
5 x 10-4 m ethyl eneglycol-bis( -ami noethyl ether) N, N'-tetra-acetic acid
(EGTA); 5 x 10-3 m calcium chloride; 10-3m D,L-dithiothreitol (DTT);
10-4 m phenylmethylsulfonyl fluoride (PMSF)], pipeted onto a preformed
discontinuous sucrose gradient (composed of a 43% sucrose GJ buffer
cushion capped with a 4% sucrose GJ buffer), and centrifuged at 24,000
RPM (8.3 x 104 g, SW 40 T rotor) for 90 min at 4° C in a Beckman L8-70
ultracentrifuge (Beckman Instruments, Palo Alto, CA). Skin and liver
samples differentially separated into three and four fractions, respec







Fig. 5. Discontinuous Sucrose Gradient for Skin and Liver. A
gradient of 4% and 43% GJ buffer was used to remove
mitochondria from the 7,000 RPM pellet obtained in the
first centrifugation step. Skin and liver samples migrated
into three fractions: a clear top fraction, a fluffy
yellow-white middle fraction, and an opaque bottom fraction.
A fourth fraction, a dark pellet, was found only in liver
samples. Following TEM and SDS-PAGE analyses of all
functions, only middle fractions were pooled and processed
in subsequent isolation steps for each tissue.
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are characterized as a colorless top fraction, fluffy yellow-white
middle fraction, and an opaque bottom fraction. The fourth fraction, a
dark pellet, was found only in liver samples. Since TEM and SDS-PAGE
analyses revealed that the top fractions contained non-membranes and
deficient polypeptide profiles (lacking the quartet of major poly-
peptide between 30-20 kilodaltons) while the bottom fractions contained
mostly corneocyte membranes as well as fragmented organelles, only the
membranerich middle fractions were pooled and processed further in
subsequent experiments. These pooled fractions were pelleted in NaHC03
at 11,000 RPM (1.6 x 104 g) for 10 min in a Beckman J2-21 centrifuge
(JA-20 rotor), then incubated for 30 min in \% (w/v) sarkosyl 1:1 and
centrifuged for 10 min in an Eppendorf microfuge (Brinkman Model
5412, Brinkman Instruments, Westbury, N.Y.). Prior to selection of 1%
sarkosyl, several concentrations of this agent, as well as, various
detergents [including sodium deoxycholate (DOC) and Triton X-100] and
incubation periods were tried in order to determine the most effective
in the isolation procedure. EDTA incubation did not successfully
induce complete migration of nonjunction polypeptides away fromconnexin
on discontinuous gradients and was, subsequently, eliminated from the
protocol. Microcentrifugation yielded a final pellet which was con
firmed as isolated gap junction protein by TEM and SDS-PAGE. Sodium
azide (0.02%) was added to this pellet to inhibit microbial growth.
The effects of epidermal-dermal separation on gap junction yield
were determined using 0.25% trypsin-0.1 M KHP04-saline as an incubation
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medium for whole skin. We found that removal of the dermis did not
affect the product yield and, therefore, discontinued this step.
G. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
Half of each aliquot taken at the designated steps of the isola
tion procedure (Fractions 1-10, Fig. 4) were prepared for SDS-PAGE
analysis. When pellets were collected as fractions, a minimal quantity
of fresh buffer (sucrose-potassium phosphate or GJ buffer, depending on
the isolation step) was added to resolubilize the sample in preparation
for electrophoretic analysis. Fifty ul of each sample was pipeted into
labeled Eppendorf tube followed by 40 ul of BEST-OS loading buffer
[0.2% bromophenol blue; 0.2 M EDTA; 85% sucrose; 0.1 M Tris-base; 1.0 M
DTT; 20% sodium dodecyl sulfate (SDS)] and sonicated completely. The
samples were placed in boiling water for 2 min, then cooled to room
temperature, and 10 ul of 1 M iodoacetamide was added prior to incuba
tion in a 37° C water bath for 20 min to alkylate the protein. After
vortexing, 25-50 ul (0.003 ug protein/lane) of each preparation was
loaded onto 5-15% gradient or 10% polyacrylamide gels with standardized
molecular weight markers. The samples were electrophoresed at 15 mAmps
for 12 h and stained with Coomassie Blue stain (Laemmli, 1970).
H. MOLECULAR WEIGHT DETERMINATION OF ISOLATED GAP JUNCTION PROTEIN
The molecular weight determination of isolated gap junction
protein was done by comparing the relative mobility (Rf) of the poly-
peptide on polyacryl amide gels to the Rf of standard markers of known
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molecular weights. The Rf value of a polypeptide is calculated by
dividing the distance the substance traveled by the distance of the
solvent front. The standard markers are phosphorylase B, 94 kD; bovine
serum albumin 67 kD; ovalbumin, 43 kD; carbonic anhydrase, 30 kD;
soybean trypsin inhibitor, 20.1 kD; and lactalbumin, 14.4 kD.
I. DETERMINATION OF PROTEIN CONCENTRATION
Estimation of protein concentration of samples used for SDS-PAGE
was determined using the Warburg-Christian Method (1942). Fractions
1-10 were analyzed spectrophotometrically in a Beckman DU-8 spectro-
photometer (Beckman Instruments, Palo Alto, CA), using the sucrose-
potassium phosphate or GJ buffer (depending on the isolation step),
to zero the spectrophotometer. Absorption values for each fraction was
read at 280 (A280) and 260 (A260) nm. The A280 was divided by the A260
and this value was used to determine the correction factor, that accounts
for nucleic acid content, from a standard table. Multiplying the A280
by the correction factor gave an approximation of the mg protein per ml
of sample.
J. EVALUATION OF DATA
In order to facilitate subjective evaluation of data:
1. A list of the ultrastructural characteristics of normal mammal
ian keratocytes based on descriptions from the literature was
set up (Table 1).
2. A table of retinoid effects on gap junctions, reported in the
literature, was set up (Table 4).
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3. Microscopic observations were made double-blind. These obser
vations were consistent with the method of treatment.
4. A list of epidermal cell differentiation changes following
retinoid treatment was established.
5. All observations were made on experimental and control sections
from corresponding areas cut at the same thickness, cut at
aproximately the same level and stained with the same stain.
6. A list of biochemical and morphologic characteristics, reported
in the literature of isolated gap junctions proteins was set
up (Table 2).
7. Tissue specific criteria for hepative gap junction protein
purity, developed by Finbow et al., (1983), were used to




The gross appearance of retinoid-treated mouse skin was the same
as previously reported by Brown and Lane, (1971; 1977). Hair loss and
no irritation were seen over the site of injection. Symptoms of the
hypervitaminosis A syndrome were not observed. There were no changes
in the skin of control animals.
B. MICROSCOPIC
The light and electron microscopic observations are summarized
in Table 6.
1. Light Microscopy
The light microscopic evaluation of skin specimens revealed
striking differences, between control and retinyl palmitate-treated
(RP) animals (Figs. 6 and 7). The epidermis of experimental animals
contained a thin stratum corneum, which was completely reduced in
some areas. There was no evidence of corneocyte sloughing caused
by tissue processing. Hyperplasia, which was seen primarily as an
increase in the thickness of the spinous and granular layers was
observed. However, the general organization and cellular arrangement
of the epidermis was comparable to control specimens (Figs. 6 and
7). Retinyl palmitate-treated skin peripheral to the site of injec
tion as well as skin of the contralaterai thigh had the same
appearance as controls (Fig. 8).
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D band are isolated here.
The 27,000 D polypeptide
of this fraction shows
some increase in intensi
ty when compared to the










Lipid accumulated in the hypodermis, dermis, and epidermal cells in
the lower strata as well as macrophages at the site of parenteral
injection of the retinoid. Livers of experimental animals showed




Parenteral retinyl palmitate modulated epidermal differenti
ation as shown by an inhibition of keratinization and keratinocyte
differentiation. This was collectively reflected in a decrease in the
number of keratin precursors - tonofilaments present in keratocytes and
the, subsequent, suppression of stratum corneum formation (Figs. 9-12).
Untreated specimens contain a large number of elongated tonofibrils
which have a characteristic compact bundled appearance (Figs. 11 and
12). Keratohyalin granules were decreased in size in RP-treated speci
mens. Fragments of nuclei are retained in stratum corneum cells giving
rise to parakeratosis overlying a prominent stratum granuiosum (Fig.
10). Other cytoplasmic organelles have the same appearance as in
control cells and, thus, no signs of cytotoxicity were seen.
Ultrastructural examination of liver specimens taken from retinyl
palmitate-treated mice showed an accumulation of lipid in the cells,














b) Intact Gap Junctions
Planimetric analyses of transmission electron micrographs indicat
ed a low frequency of gap junctions occurring between cells of untreated
specimens (1 gap junction/20 cells) while in retinoid-treated epidermis
the numbers increased (15 gap junctions/20 cells) (Table 7, Figs. 15
and 16). The increased frequency of gap junctions occurred between
differentiating cells of the upper spinosum and lower qranulosum strata
indicating an adjuvant relationship for intercellular exchange and cell
differentiation. Desmosomes, as in control specimens, were unaltered
(Figs.15 and 16). Desmosomes were characteristically seen associated
with fine tonofilaments while gap junctions were tonofilament-free
regions of closely apposed membrane, 30& in diameter.
c. Isolated Gap Junctions.
Samples taken from the middle fraction (6 in Fig. 4) and final
pellet (Fraction 10 in Fig. 4) of gap junction preparations contained
isolated membranes characteristic of gap junctions. These membranes
were seen in electron micrographs of skin and liver samples as closely
apposed fragments with an approximate 25# separation, as reported (Table
7, Figs. 17 and 19). The degree of purity of gap junction proteins at
this step in the isolation procedure is comparable to that reported for
other tissues, in which gap junctions were found randomly dispersed
among cell fractionation products notably as assymetric vesicles and
single membrane fragments (Figs. 17-19). Some desmosomal contamination
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♦Gap junction distribution was determined through the analysis of
micrograph montage reconstructions of the spinous/granular region of
the epidermis. Ten montages (6 micrographs each) per treatment group
were examined. Junction frequency/per epidermal proliferative unit
in the montages was tabulated and the standard deviation (d), where
o* = y_i__ for each specimen was determined, x- = quantity of
1 N n
gap junctions per montage in the treatment group, x = mean of gap
junctions per montage in the treatment group, N = total number of gap
junctions/cell identified for that proliferative unit. A total of 10












was found in these fractions. However, clean fractions, i.e., final
pellet (Fraction 10 in Fig. 4) obtained with further processing,
showed an assembly of gap junction membranes (Figs. 20-22). The
morphology of gap junction membranes in middle fractions (6 in Fig. 4)
and final pellets (Fraction 10 in Fig. 4) was the same in retinyl
palmitate-treated and control epidermis as well as liver samples
(Figs. 17-22).
C. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
The SDS-PAGE observations are summarized in Table 6. The concen
tration of isolated gap junct-ion protein per milligram is shown in
Table 8. SDS-PAGE profiles of fractions isolated from mouse epidermis
indicate four distinct bands in the range of 30-20 kilodaltons (Figs.
23-27). A definitive separation of these bands, as a 27,000, 28,000,
29,000 and 30,000 dalton polypeptide, was accomplished using the
solubilizing agent, sarkosyl, and discontinuous sucrose gradient
centrifugation. Differences in staining patterns between control and
retinyl palmitate-treated specimens were detected in the polypeptides
which migrated in the 20-30 kilodalton range (Fig. 23). Enhanced
separation of 30-25 kilodalton protein from retinyl palmitate-treated
samples distinguished these profiles from those of control specimens.
We found that processing fractions obtained from the discontinuous
sucrose gradient centrifugation beyond the middle fraction, i.e. the
final pellet, resulted in low membrane content preparations with a loss
of polypeptides in the molecular weight range of known gap junction










































































♦Determined by the Warburg-Christain Method (1942), A280 x Correction Factors;
approximate mg protein/ml.
Fig. 23. SDS-PAGE Profile of Homogenates from Control and Retinyl
Palmitate-treated Epidermis. SDS-PAGE profiles of homogenates
(Fraction 1 of Fig. 4) from untreated (lane a) and retinyl
palmitate-treated (lane b) specimens show four major bands
(i 0 in the molecular weight range (30-20 kilodaltons) of
known isolated gap junction proteins. Retinyl palmitate-
treated samples are distinguished by enhanced profiles,
although the same quantity (0.03 ug/lane) of protein for
each sample was applied to the gel. Comparable patterns
for the highest molecular weight species negate this
intensity being the result of gel over-load. MW = Molecular
weight markers [bovine serum albumin (BSA), 67,000D;
ovalbumin,43,000 D; carbonic anhydrase, 30,0000












Liver homogenates exhibited banding patterns comparable to previously
reported profiles (Fig. 24) (Wrigley et al., 1984). The 26,000 dalton
hepatic connexin was isolated from both retinyl-palmitate-treated and
control animals. No differences were detected in the banding patterns
of liver samples as a result of treatment with the retinoid.
Experimental protocols which varied the nature and concentration
of the solubilizing agent, as well as, the duration of incubation
produced lesser purification of gap junction proteins as reflected in
different combinations and intensities of protein bands (Figs. 25-27).
Sodium deoxycholate solubilization generated a faint protein band with
a relative molecular weight (Mr) of 26,000 daltons (Fig. 25). Compara
tive analysis of the effects of this detergent and another, Triton
X-100, indicated that each produced banding patterns in both the bottom
pellet and middle fraction of the discontinuous sucrose gradient. No
significant difference in enhanced gap junction protein purity was
detected using these detergents as indicated by gels stained with
Coomassie blue. However, when sarkosyl solubilization was employed the
highest Mr of the four polypeptides was more prominant than the other
three bands when run on 5-15% gradient gels (Fig. 26).
Incubation in varied concentrations of EDTA altered the gel pro
files (Fig. 27). A 10 mM concentrations of EDTA, resulted in a shift
of all polypeptides to the bottom fraction (7 of Fig. 4), while with
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1.0 mM EDTA polypeptides were equally distributed between the middle
(Fraction 10 of Fig. 4) and bottom fractions. However, lmM EDTA gene
rated the same banding pattern in samples from both the middle and the
bottom fractions. Examination of each of these fractions for the
desired polypeptides revealed that the middle fraction retained the
highest concentration of the four bands with the addition of either no
or low EDTA but, less than that obtained with sarkosyl treatment.
Therefore, reproducible and definitive isolation of gap junction
proteins was achieved with sarkosyl solubilization following dis
continuous sucrose gradient centrifugation.
CHAPTER V
DISCUSSION
Distinguishable cell types are the result of a collective of gradual
adaptations, cell differentiation, initiated by specific endogenous or
exogenous modulators. These factors regulate this process by either
switching the strictly differentiating cell into a synthetic phase or
altering the products of those cells engaged in protein synthesis by
activating DNA, i.e., removal of histones, needed to coordinate protein
synthesis. Subsequently, the genetic code transcribes functionally
interpretable mRNA, thereby, allowing translation of the information by
tRNA in terms of amino acid assembly into nascent polypeptides.
Initially, the density of organelles engaged in synthesis is increased
followed by enhanced production and accumulation of new cell products.
Hence, the identity of a cell is dictated by the proteins it transcribes.
The differentiation process of keratinization permits the epidermis
to compensate for the necessity to simultaneously control two extremely
diverse functions of skin - the generation of new cells for replenishment
and the modification of existing cells into a nonviable terminal state,
which provides a protective barrier. Keratinzation, thus, results in
the regulated conversion of formerly living keratocytes to nonliving
anucleated/keratin-containing cells, corneocytes. The mutuality of
proximal metabolic stores of the regulators of keratinization allows the
cells of the skin to function as synchronized units. Retinoids are
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significant modulators of cell differentiation, as elucidated in defici
ency studies. Other investigators have demonstrated that the effective
ness of retinoids in depleting keratin production, is directly related
to the concentration of the vitamin (Bern et al., 1955; McMichael, 1965;
Saffiotti et al., 1969; Marcelo and Madison, 1984).
This capacity of retinoids to influence skin characteristics coin
cides with the induction of gap junction proliferation by the vitamin
as demonstrated by its effects on chick embryonic skin (Elias and Friend,
1976), newborn mouse epidermis (Elias et al., 1977) and adult rabbit
epidermis (Prutkin, 1975a, b). The localization of the effects of
retinoids to the overlying epidermis at the site of parenteral adminis
tration restricted the area exhibiting anti-keratinization (Brown and
Lane, 1971; Brown et al., 1977; Thomas-Brown and Brown, 1985; 1986)
and gap junction proliferation (Thomas-Brown and Brown, 1986); strongly
suggesting cooperative incidents. Tissue excised from untreated control
animals and controls injected with vehicle alone exhibited no differ
ences in gap junction frequency. These findings have been confirmed in
the present study.
Retinoid treatment modulated epidermal differentiation as shown in
an inhibition of the production of keratin precursors. A reduction in
the quantity of tonofilaments as well as size of keratohyalin granules,
leading to an inhibition of stratum corneum production was observed in
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treated specimens (Figs. 7 and 10). Control epidermis displayed no
such effect (Figs. 6 and 11). There was no loss of corneocytes during
tissue processing.
The areas displaying gap junction proliferation were also the
areas distinguished by increased epidennal thickness and loss of keratin
constituents in retinyl palmitate-treated specimens only. This suggests
that the increased number of gap junctions as well as inhibition of
keratinization, are direct retinoid effects and not the consequence of
tissue injury resulting from injection, excision or processing.
One possible mechanism of control of this adjuvant activity, in
the present study, might be the plasma retinoid binding proteins, R8P
and RABP, which are known to respond to plasma membrane receptor
proteins on target cell surfaces (Bashor et al., 1973; Heller, 1975;
Rask and Peterson, 1976; Bok and Heller, 1976). It is accepted by
these investigators that interaction of the RBP-retinoid complex and
the cell surface receptor, modulated by an active site on the binding
protein, may initiate a conformational change in the RBP which causes
the release of the RBP and permits exchange of the retinoid to the cell
surface receptor. From the receptor the retinoid (through a mechanism
yet unknown) traverses the plasma membrane to the cytoplasmic surface
where it is shuttled to the nucleus by the cellular retinoid binding
proteins. Access of the retinoid to the genome, which it may modulate,
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is provided by nuclear pores located within the nuclear envelope.
Therefore, a proposed explanation for the simultaneous effects of
retinoids on cell differentiation and gap junction proliferation,
observed in the present study, is that the RBP cell surface receptor
may be closely associated with or represented by some portion of the
gap junction particle, connexin (Fig. 28).
Gap junction plaques could facilitate the requirements of RBP
cell surface receptors as well as serve as a means for retinoids to
cross the plasma membrane. Aggregation of pre-existing protein into
gap junctional plaques may be triggered by the reaction of the plasma
retinoid-RBP complex and this receptor protein.
Support for this postulation is the inability of the RBP to trans
verse the connexon core because it has a molecular weight (21,000
daltons) which exceeds the hydrophilic channel dimensional specifica
tions (McNutt and Weinstein, 1970; Finbow and Pitts, 1981; Makowski et
al., 1984). The permissive molecular weight range for passage through
the connexon core is between 1000-1500 daltons. This would also negate
the movement of cellular retinoid binding proteins, functioning as
retinoid carrier molecules, along the connexon core without either
interaction between connexon and the carrier-ligand complex or con-
formational alterations of the connexon core, because of a prohibitive
molecular weight of 2,000 D. Low formula weights, less than 600 daltons,
do permit non-complexed endogenous retinoids to effortlessly traverse
Fig. 28. Diagrammatic Representation of a Proposed Mechanism for
Gap Junction Mediation of Retinoid Activity in the
Epidermis. Retinol (o) complexed with the carrier retinol
binding protein ({^)) and prealbumin ( V_( ) enters the
epidermis through specific connexons, hemi-gap junctions (*),
comparable to hemidesmosomes, which may function as cell
surface receptors for RBP located along the plasma membrane
(PM) only at the basal lamina (BL). Hemi-gap junctions are
assymetric in their topography, forming a funnel on the
cytoplasmic surface and a less pronounced ridge on the
extracellular surface of the plasma membrane. Cellular
retinol binding proteins ( Q ) interact with the connexon
on the cytoplasmic surface to receive the retinol molecule.
The CRBP-retinol complex may continue along two possible
pathways: 1, to the nuclear membrane pores (&), which may
possess a similar topography to that of the cytoplasmic
surface of the hemi-gap junction, for access to the genome,
where the retinoid could modulate epidermal differentiation
by differentially influencing the production of specific
proteins, keratins; and 2, to the gap junction plaques on
the cytoplasmic surface of the adjacent cell plasma membrane

















the junctions. Further, retinoid complexed with RBP-prealbumin trans
ported to the cell surface may initiate the recruitment of gap junction
proteins into junctional plaques as the retinoid is transferred to the
connexon core. This retinoid-gap junction protein/polypeptide complex
may now function as a carrier-ligand complex which is capable of
transporting the retinoid across the cell membrane.
Transport of the retinoid from, e.g., intramuscular stores or
dermal vessels, into the stratum basales, via the retinoid binding
protein, requires a cell surface receptor. Half gap junctions or
hemi-gap junctions comparable to hemi-desomosomes, having the site of
specificity for the retinoid binding protein located at the site of
connexon-connexon attachment, may function as the cell surface receptors
for RBP. Hemi-gap junctions are postulated six-connexin polypeptide
structures located along the plasma membrane only at the basal lamina.
These junctions would be assymetric in their topography, forming a
funnel on the cytoplasmic surface and a less pronouced ridge on the
extracellular surface of the plasma membrane. It is known that
connexin molecules have a net charge of -2 at the cytoplasmic surface
(Goodenough, and Revel, 1970). In the absence of positive cations the
net charges repel, thereby, skewing the connexin molecules which results
in an open channel and coupled junctions. Cellular retinoid binding
protein may interact with connexin molecules and mask the negative
charges on the gap junction particle, subsequently, inhibiting cations,
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such as Ca2+, from causing neutralization of connexin charges and the
prevention of junctional uncoupling. This modulation of the connexon
core would afford regulated passage of the retinoid to the awaiting
cellular retinoid binding protein (Fig. 28). Once the CRBP binds the
retinoid, preventing lysosomal digestion, it is capable of transport
ing the retinoid in the cell to the nucleus where it affects
transcription. This would allow the vitamin to differentially influence
the production of specific proteins (keratins), i.e., modulate
epidermal differentiation. Green and Fuchs (1984) identified the
specificity of retinoids to inhibit the synthesis of dense cytoplasmic
tonofilaments while observing no visible effect of the retinoid on the
production of fine tonofibrils, as seen associated with desmosomes.
Although it has been shown that CRBP and CRABP are glycosylated,
(as cited in Chytil and Ong, 1979), and while no sugars have been, to
date, demonstrated to be associated with gap junction protein, this
possibility cannot be eliminated nor that of cellular retinoid binding
protein dual coupling activity. The reported absence of carbohydrates
in gap junction components may be the result of isolation procedures.
Thus, a second postulation is, if retinoids induce gap junctional
protein recruitment, the reported cross reactivity of antibody against
the membrane intrinsic protein, MIP or MP26 (antiMP26) (Bok et al.,
1982), to unrecruited nonjunctional membrane connexin might be explained
(Paul and Goodenough, 1983).
In the present study we noted that retinyl palmitate reproducibly
inhibited keratinization while increasing the number of gap junctions in
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mouse epidermis. This increase in gap junctions should coincide with
an increase in connexin or protein precursors on gel profiles as a
result of protein synthesis or aggregation of pre-existing protein into
gap junction complex, and, thus, found as a common fraction (Gilula,
1984; Revel et al., 1984). The profile of the final fraction obtained
from retinyl palmitate-treated epidermis contained a heavier 30
kilodalton band (Fig. 26), strongly suggesting nascent protein assembly.
In combination, these observations negate the incidence of mere aggre
gation of pre-existing polypeptides into gap junctions.
The isolated liver gap junctions displayed reported morphology -
assymetric vesicles (Figs. 21 and 22); with a 26.000D molecular weight
(Fig. 24, Wrigley et al., 1984) substantiating the reliability of the
isolation procedure used in this study.
Gap junction protein isolated from liver, heart, lens and uterine
tissue (Zampihgi and Unwin, 1979; Traub et al., 1983; Revel et al.,
1984; Wrigley et al., 1984; Zervos et al., 1985) produced two classes
of polypeptides: those of relative molecular weights of 26, 27, and 28
kilodaltons and those of 10, 16, 40 and 54 kilodaltons, as well as, put
ative digestion products and/or oligomer conjugates. Henderson and
Weber (1982) observed that a 45,000 dalton polypeptide of isolated
liver gap junction expressed an antigenic response to a 26,000 dalton
gap junction protein antibody. Similarly, a 27,000 dalton rat liver
gap junction protein antibody has been shown to crossreact with a
54,000 dalton species present in the isolate (Paul, 1985).
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The present report is unprecedented. Gel profiles of gap junctions
isolated from control and retinoid-treated specimens, show four major
bands of relative molecular weights consistent with the banding pattern
reported for other tissues (Figs. 23-27). Transmission electron micro
scopic analyses of isolated fractions, corresponding to gel samples,
provided conclusive visual evidence for the presence of gap junctions
(Figs. 18-22). Both gel profiles and morphology of isolated fractions
were equivalent to those reported for other tissues and confirmed in our
hands with the corollary liver gap junction isolation studies. Further
study of the gap junction protein, connexin, and retinoid modulation of
epidermis will include antibody preparation against the polypeptide to
test and, irrefutably, validate its cross reactivity with CRBP and
CRABP, as well as, SDS-PAGE analysis to detect alterations in the
protein concentration, content, and increases in protein following
retinyl palmitate treatment.
In this investigation, retinoid modulation of gap junctions and
epidermal differentiation has been defined utilizing a newly developed
method for isolating epidermal gap junctions. The data obtained
suggests a positive role of gap junctions in retinoid-directed metabolic
cooperation and control of epidermal differentiation possibly through a
dual capacity to function as cell surface receptors for RBP to collect
retinoids while providing hydrophilic channels as a means of retinoid
access to the cytoplasm for the distribution of retinoids to CRBP and
ultimately the nucleus. The epidermal gap junction isolation protocol
will be used in future studies with antibody production, rn. vitro
translation and polypeptide sequencing to probe the postuiations given
above in efforts to gain an understanding of the role(s) of gap
junctions in differentiating tissue and the mechanism(s) of action of
retinoids in this regulated activity.
CHAPTER VI
SUMMARY
1. A natural retinoid, retinyl palmitate, in a parenterally adminis
tered physiologic dose for 12 days modulated epidermal gap
junctions and differentiation.
2. The number of gap junctions increased in retinoid treated speci
mens.
3. Epidermal keratinization and keratinocyte differentiation were
inhibited as reflected in a decrease in the number of tonofibrils
in keratinocytes and the subsequent suppression of stratum corneum
formation.
4. Isolated epidermal gap junction protein migrated in a major quartet
of polypeptides with relative molecular weights ranging from 30-20K
daltons. Retinyl palmitate-treated samples are distinguished by
enhanced gel profiles. Retinyl palmitate-treated samples are
distinguished by enhanced gel profiles.
5. Isolated epidermal connexin has a relative molecular weight of
30,000 daltons in samples from both treated and control specimen.
6. A positive role of gap junctions in retinoid-directed metabolic
cooperation and control of epidermal differentiation is suggested.
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